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TUTI

Motivation — Atomic Clock Ensemble in Space (2025)

Objectives:
= Time and frequency applications
= Fundamental physics (e.g. gravitational redshift)

Hardware:
= ACES
+ Combination of high-precise clocks

=  Microwave-Link-System (MWL)
=  Up-/Downlink (S-/Ku-Band)
- Combined-One-Way Link

=  Optical-Links (OPT)
= ELT/SLR | = :?x
- One-/Two-Way Link
Figure 1: ISS [ESA, 2011]
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Motivation
.-
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& Electronic Delay

8orb(z = 0) # Sorb(z) Figure 2: Parameter Correlations (Figures adapted from Wang, 2011)
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Simulation
Parameter Model MWL OPT
Troposphere ERA5 X X
lonosphere NeQuickG X -
Orbit TLE X X
Clocks Noise-Modeled X X
Height Offset 1 mm - X
Time Offset 1ps X
Electronic Delay 1.0 ns/ 0.9 ns delay (stable) X -
Noise White Noise 0.2 ps 37 ps
Sampling (Hz) 12.5 (MWL) / 100/300 (ELT/SLR) 100 % 10 %

- el g

Dataset: = 100passes = ~7 min.meanduration = ~65° mean maxelevation
Assumptions: = Good weather = Single-Photon-Mode = Stable electronic delay
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TUTI

Parameter Estimation — Least Squares Adjustment

Parameter Description

- A priori values from VMF
Troposphere - Estimate a common troposphere X -
- Gradient estimation

lonosphere - Linear Combination (STEC) - X
| et o i
Clocks - Clock offset X -
Electronic Delay - MWL Delay in up/down X -
Height Offset / - -
Time Offset / = -
Noise / - -
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TUTI

Assessment of Parameter Estimation - Orbit

= Bestpossible solutionshows

the limits of what is feasible 53 Absolute Differences Qua((:i)rgtic Mean Diffe(lj'%réces
) ) _ 2.7
= Simulation with no errors 5l 017" T 0.05
= Estimation of only orbit parameters 13 T 0.5 N
. . : : 013" 0.04
by using wrong a priori orbit 07
2 o T 0 E Lo1  H 0.03 E
Type 0.7 '
. " L 0.07 - 0.02
2 '
Radial 8 -0.5 ~14 . L 0.03 0.01
, . ~ -3.3 : 1 0 0
Along-Track 48 13 38 Radial Along-Track Range
Range 7 0.1 ~67
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Assessment of Parameter Estimation - Troposphere

= Bestpossible solutionshows
the limits of what is feasible

»  Simulation with troposphere errors only

» Estimation of a commonisotrop troposphere and
seperate gradients for both, MWL and OPT

Median
MWL 139 0.9
OPT 3 03

Factor
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Strategies

= Several estimation strategies were tested

Wet Gradient

= Differs onlyon troposphere Dry Gradient

gradient estimation

MWL MWL OPT

OPT

wet-both
= Gradient corrections are

i : wet/dry-both _
applied to all observations y X X X X X

Two differentweighting strategies:
* noise-dependent (NW) Noise Weighting (NW) 200 1
* laser-dependent (LW) Laser Weighting (LW) 1 10

Peter Vollmair | FESG | 22nd IWLR | 10.11.2022 7



Results (1)

» Parameter differences: simulated — estimated parameters

Peter Vollmair | FESG | 22nd IWLR | 10.11.2022

Electronic Delay - Downlink Electronic Delay - Uplink Clock
17 : ‘ : 17 ‘ : : 5 17 :
10 3 10 T 3 10
i ! — '
! T — i ! T
3 ! | [ 1 3 ! 1 3 T =
R e =0 L B = == = L — N — . —
2 _ E S | ; T £ S i L 4+
3 [ q I -1 -3 L L | A -3
| L L
L
-10 - -3 -10 ¢ -3 -10
-17 ‘ -5 A7~ : -5 -17 \ \
o a0 i a0 " Q) g a y W y o e W - o ‘
alg - 2 - ‘ alg e i e
we wetd” we we et we W edd w

[mm]



Results (2)

» Quadratic Mean difference of all epochs forall passes
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Results (3)

Noise Weighting (NW)

Laser Weighting (LW)
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Thanks for your attention!
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